The alanine to valine mutation at codon 4 (A4V) of SOD1 causes a rapidly progressive dominant form of amyotrophic lateral sclerosis (ALS) with exclusively lower motor neuron disease and is responsible for 50% of SOD1 mutations associated with familial ALS in North America. This mutation is rare in Europe. The authors investigated the origin (geographic and time) of the A4V mutation.
ALS (2% of all ALS) 6 and TDP-43 for a small minority of cases. [7] [8] [9] The causes of the rest (80%) of familial cases (8% of all ALS) are unknown. 6 The etiopathogenesis of the remaining 90% of all ALS cases (sporadic ALS) is also undetermined. 6 Collective evidence suggests a toxic gain of function of SOD1 conferred by mutations. 6 Certain mutations affect the onset and progression of ALS. 10 The molecular mechanism by which mutations in SOD1 can convert the soluble enzyme into an aggregated form of toxic dimers and multimers associated with ALS was recently shown. 11 There are over 100 known SOD1 mutations and all are dominant. 12 One of these, alanine to valine substitution on codon 4 (A4V; GCC¡GTC) in exon 1 13 was shown to be responsible for 50% of SOD1 mutations associated with ALS in North America. 10, 13 A4V results in an aggressive form of ALS with a survival time of less than 2 years after disease onset. 10 This mutation is rare in Europe. The explanation for such patterns lies in the demographic histories of populations including effects of genetic drift, migration, and natural selection. In this study we investigated the origin and founder effect of the A4V mutation in North America.
METHODS Subjects. Informed consent, approved by our respective Institutional Review Boards, to conduct genetic experiments and obtain medical records, was obtained from the study subjects. Fifty-four patients from independent families with confirmed A4V mutation were included in the study. Healthy white (n ϭ 96), African American (n ϭ 17), Chinese (n ϭ 53), Hispanic (n ϭ 12), and Amerindian (n ϭ 11) subjects were also genotyped as control subjects. Patients with ALS from independent families having SOD1 mutations other than A4V (n ϭ 66) and 96 white patients with sporadic ALS were genotyped to define the extent of linkage disequilibrium (LD). Swedish (n ϭ 3) and Italian (n ϭ 6) A4V patients were the only available patients outside of North America and were analyzed for founder effect. Informed consent was obtained from all subjects included in this study.
Genotyping. Single nucleotide polymorphisms. Genomic
DNA was extracted from whole blood according to established protocols. 13 High-throughput single nucleotide polymorphisms (SNP) genotyping was performed using Taqman assay in a 384well format on the ABI prism 7900HT sequence detection system (Applied Biosystems). In each chamber of the 384-well plate, 10 ng of genomic DNA was used. PCR primers and probes were obtained from Applied Biosystems assays-ondemand service. Reactions were run in 5 L volumes using Taqman Universal PCR master mix, primers, and probes. The amplification protocol was 95ºC for 10 minutes followed by 40 cycles of 95ºC for 5 seconds and 60ºC for 1 minute. Genotype data were obtained using the ABI-PRISM sequence detection system (SDS) software version 2.1.
Novel biallelic CA repeat polymorphism. In a previous sequencing of SOD1 in FALS samples we had identified an unreported biallelic CA repeat (allele 1: 8-CA repeats/allele 2: 7-CA repeats) that strongly segregated with the A4V mutation. It is located 2,057 bp downstream of the stop codon in exon 5 of SOD1. Genotyping for this polymorphism was done using PCR with radiolabeled primers (F-GCTCTTAGGTTGCAAATG-TTAAACTTGAT, R-GTTGGATCCCAGTGTTACACGTT GTACT) and separating the PCR products on a sequencing gel (7% urea, polyacrylamide gel). Genotypes were read as shown in figure e-1 on the Neurology ® Web site at www.neurology.org. We used this biallelic polymorphism as a genetic marker for the A4V mutation in our study along with SNPs in the region.
Statistical analysis. Haplotype frequencies and association statistics for the polymorphisms were estimated using Haploview version 3.2. 14 p Values less than 0.05 were considered significant. To estimate the age of A4V we used a Bayesian method (using Markov chain Monte Carlo method) for multipoint linkage disequilibrium mapping incorporated in the program DMLEϩ version 2.2. 15 Age of the mutation was also estimated based on marker-marker correlation coefficient (r 2 ) degeneration with genetic distance. By measuring the extent of LD (r 2 ) between SNPs/biallelic CA repeat and recombination rates () in Morgans (based on the DeCode map) as surrogate markers of the original A4V DNA fragment, the age of the A4V mutation can be estimated. Assuming that there was 100% LD of all tested markers with the mutation at the time the mutation was introduced and that LD degenerates in proportion to recombination, age of a mutation approximates (1 Ϫ r 2 )/ in generations.
RESULTS
We carried out a modified case-control association analysis of A4V patients (n ϭ 54) and white control subjects (n ϭ 96) with 21 polymorphisms (20 SNPs and the biallelic CA repeat) across a 21 cM (15.3 Mb) region (12 cM centromeric to SOD1 and 9 cM telomeric) on chromosome 21 (figure e-2). Significant LD existed 0.3 Mb around the biallelic CA repeat, which is located 2,057 bp downstream of the stop codon in SOD1 exon 5. Modest LD was also demonstrated with rs7276171 (1.44 Mb from SOD1) and rs933130 (2.24 Mb from SOD1) (figure e-2).
Nine SNPs and the biallelic CA repeat (10 polymorphisms) in a 5.86 cM region (3.07 Mb) associated with A4V, most notably the CA repeat (p ϭ 1.72 e-14 ) and rs7276171 (3.6 cM from SOD1) (p ϭ 1.78 e-6 ) (table e-1). A single haplotype (2221212112) of these 10 polymorphisms associated with A4V (p ϭ 3.0 e-11 ). This haplotype was absent in the controls (frequency case: control ϭ 0.23:0.0). No other haplotype showed association. The 10 polymorphisms constituting this haplotype were genotyped in subsequent cohorts for further analysis.
To determine whether the association of rs7276171, 1.44 Mb away from SOD1, was due to LD with the A4V mutation or signified the existence of a novel ALS gene, 66 patients with SOD1 muta-tions other than A4V (non-A4V) were genotyped for the 10 polymorphisms constituting the A4V associated haplotype. The design resulted in pooling of several different SOD1 mutation-haplotypes together. If a gene other than SOD1 existed near rs7276171 then two association peaks would be observed; one within SOD1 where all haplotypes overlapped and another near rs7276171 as observed with the A4V pool alone. However, association was found only with the SNP rs202445, located within SOD1 at its 5= end (table e-2). Additionally, patients with sporadic ALS (n ϭ 96) were genotyped for rs7276171 and no association was found. As genetically (non-A4V FALS) and clinically (SALS) defined ALS cohorts did not demonstrate associations outside of SOD1, the association signal spread over 5.86 cM with the A4V mutation indicates the region is most likely in LD with the A4V mutation. Since a single haplotype, 3.07 Mb long, carried the association signal due to LD with A4V, it indicated a founder effect for the mutation.
To determine the origin of this DNA fragment, we genotyped samples from four other major populations in North America-African American, Chinese, Hispanic, and Native American (Amerindian)for the 10 polymorphisms constituting the associated haplotype in the white population. As the allele frequencies in the A4V population would be similar to the population closest to the origin of A4V, we expected the strength of associations to decrease if this were the case. As shown in table e-3, the genotype associations of the 10 polymorphisms for all four populations decreased in strength relative to those observed when white controls were used (table e-1). The strong haplotype association with white control subjects decreased markedly when A4V patients were compared with healthy African American (p ϭ 0.0022), Chinese (p ϭ 0.0039), and Hispanic control subjects (p ϭ 0.0172). The association nearly disappeared when A4V cohort was compared with Amerindian subjects (p ϭ 0.032), indicating that the fragment on which the A4V mutation arose was originally introduced from Amerindians who migrated from Asia into North America.
There was no difference between the Swedish and the Italian haplotype, indicating a common European origin. However, this European haplotype was different (1211211122) from the North American haplotype (2221212112). All Europeans were homozygous for allele1 of the CA repeat. However, only 18% of North American A4V patients were homozygous for allele 1 and most carried allele 2 (82%). Since the CA repeat is located only 11.8 kbp from the A4V mutation within SOD1 and LD with A4V extends up to 3.07 Mb, recombination is un-likely. This indicated different origins of the A4V mutation. Thus we partitioned our North American A4V cohort into two groups: those homozygous for the CA repeat allele 1 and carriers of allele 2. The remaining 9 SNPs were used to carry out associations. Haplotype (9-SNPs) statistics of North American A4V subjects homozygous for allele 1 of CA repeat with European A4V patients showed absence of association suggesting similarity of genetic background. Significant differences in SNPs (rs7276171, p ϭ 7.04 e-5 and rs10154126, p ϭ 0.0038) and haplotypes (221212112; F ϭ 0.24, p ϭ 0.03 and 121211122; F ϭ 0.06, p ϭ 0.02) were found when North American A4V patients carrying the CA repeat allele 2 were compared with European A4V patients. These findings suggest that A4V was introduced into North America from Europeans (18%) and Amerindians (82%) separately.
To estimate when A4V was introduced into the white population, two independent methods were used. The Bayesian method for multipoint LD mapping incorporated in the program DMLEϩ applied the white haplotype frequency data for the 10 associated polymorphisms in the 5.86 cM region to calculate the posterior probability of the time of onset of A4V mutation. The estimated age of A4V, using this method, was 14 to 61 generations (271 to 1,231 years, assuming 20-year generation time) with 50 to 99% posterior probability (figure e-3). With 80 to 90% probability, A4V was transmitted 554 to 734 years ago.
To apply the r 2 degeneration method, we used the CA repeat as a marker for the A4V mutation and calculated r 2 values for the four distant SNPs viz rs7276171, rs2834171, rs3827181, and rs933130 (figure 1). Since rs1537096 is located relatively close to the CA repeat and is in substantial LD with it, it was also taken to be a reference point. Therefore, the r 2 degeneration calculation was repeated for the four distant SNPs with rs1537096 to confirm the results obtained with the CA repeat. As shown in the table, the age of A4V mutation based on r 2 degeneration with recombination distance was calculated to be 458 Ϯ 59 years (range 398 -569). DISCUSSION This study demonstrates that the high prevalence of the A4V mutation in North American patients with FALS is due to a founder effect. This mutation has had two separate origins in the course of human evolution, one in Europe and the other in Amerindians, who probably carried it into North America from Asia. This fits in with our observation that most of the A4V families in our databank originate from the western New York state region. The Amerindian contribution (82%) to the prevalence of A4V in North America far outweighs that of the European contribution (18%). It is likely that A4V was introduced into the white population from the Amerindians about 400 to 500 years ago at about the time of the Jamestown and Plymouth landings. In our databank of over 500 FALS cases, none are Amerindian. It is possible that for reasons unknown the mutation became extinct in the Amerindian population. The other possibility is that this difference may be due to ascertainment bias or sociocultural factors. Indeed, a third possibility remains that ALS does not manifest in Amerindians in spite of the A4V mutation due to a protective genetic factor. This inhibitory factor may not have been transmitted to the white population along with the A4V mutation. Clearly, population-based studies that would take into account biologic and sociocultural factors would help in the understanding of the reasons for this discrepancy.
Using a modified case-control association analysis we mapped a large region (Ͻ10 cM) on either side of SOD1, in known A4V patients compared to white control subjects. This helped us to identify the extent of LD with A4V and therefore essentially map the size of the DNA fragment introduced into the white population. The association signal was spread over a surprisingly long stretch (Ͼ3 Mb), questioning the existence of LD that is known to normally degenerate in less than 60 kb. 16 The effect was due to our modified approach with selection of a pure group of A4V patients as cases. We verified this by the absence of associations distant from SOD1 in non-A4V and sporadic ALS cohorts. Each SOD1 mutation is expected to have its own unique haplotype. Pooling these differing haplotypes together was expected to eliminate association except near SOD1. We found this to be the case when we pooled all non-A4V patients together as cases and carried out association with white controls.
The existence of a single associated haplotype for A4V patients against white controls demonstrated a founder effect. This haplotype was most closely matched to Amerindians, indicating its origin in this population. It differed most from white subjects, suggesting its later introduction in them. When compared with A4V patients, the allele 2 of the CA repeat showed high frequency in North American A4V patients, Amerindians, and Chinese subjects, and demonstrated absence of association in the Chinese and the Amerindian populations. Thus, the Amerindians, who are likely to be descendants of people who migrated from Siberia to North America by crossing the Strait of Bering, probably carried it into North America. Time of origin analysis using two independent methods confirmed with high probability that A4V was introduced into the white Figure 1 Novel method to estimate age of SOD1 alanine to valine mutation at codon 4 using r 2 degeneration with genetic distance (Morgans) A4V ϭ alanine to valine mutation at codon 4.
Mb) on chromosome 21, it was postulated that A4V had occurred independently at least twice over the course of human evolution. 17 Our study confirms this observation and traces the origin of the A4V geographically and temporally. It was shown that the apparent contradiction of the existence of SOD1 D90A mutation in both dominant and recessive forms is due to founder effects with a single founder for the recessive pedigrees and several for the dominant pedigrees. 18 All D90A recessive families maintained a consistent inheritance pattern and had milder disease. 18 This study suggested that a tightly linked protective factor was most likely responsible for the milder recessive form of the disease. 18 Our study traces the origin of SOD1 A4V mutation to Amerindians, who appear to rarely contract ALS, and the hypothesis most worthy of further exploration is that there exists a protective genetic factor for SOD1 A4V mutation as well. If this is true then it will be an important disease-modifying factor, awaiting identification.
